All models of the RNA world era invoke the presence of ribozymes that can catalyse RNA polymerization. The class I ligase ribozyme selected in vitro 15 years ago from a pool of random RNA sequences catalyses formation of a 3 0 ,5 0 -phosphodiester linkage analogous to a single step of RNA polymerization. Recently, the three-dimensional structure of the ligase was solved in complex with U1A RNA-binding protein and independently in complex with an antibody fragment. The RNA adopts a tripod arrangement and appears to use a two-metal ion mechanism similar to protein polymerases. Here, we discuss structural implications for engineering a true polymerase ribozyme and describe the use of the antibody framework both as a portable chaperone for crystallization of other RNAs and as a platform for exploring steps in evolution from the RNA world to the RNA -protein world.
INTRODUCTION
Current models of organismal evolution posit the existence of an ancient era when life forms lacked DNA and encoded proteins and relied solely on RNA for information storage and catalysis [1] . Known roles of RNA in catalysis, metabolite sensing and as components of enzymatic cofactors lend indirect support for this hypothesis and further suggest that organisms from this world had made significant evolutionary advances beyond the first protocells. To reproduce, these 'riboorganisms' would have required RNA molecules to catalyse RNA polymerization. Generating ribozymes that replicate RNA therefore represents an important milestone in understanding the evolution of life on the Earth. To date, the most promising efforts have commenced with the class I ligase ribozyme [2 -4] . The original version of this ribozyme was isolated using in vitro selection methods from a large pool of random RNA sequences and was subsequently improved through mutation and selection [5, 6] . The ribozyme catalyses the formation of a 3 0 ,5 0 -phosphodiester bond whereby the 3 0 -OH group at the terminus of an oligonucleotide primer attacks the 5 0 -triphosphate present at the ribozyme's terminus, analogous to a single step in RNA polymerization catalysed by protein polymerases (figure 1).
The class I ligase has served as a model system for studying ribozyme evolution in vitro [6, 8, 9] . Additionally, significant effort has been aimed at converting the ligase into a bona fide RNA polymerase that uses nucleotide triphosphates and an external template to synthesize RNA [2] [3] [4] 6] . Knowledge of the structure of the ligase would not only help in understanding how an RNA active site can catalyse a reaction thought so vital for the evolution of life, but also might aid in attempts to engineer the ribozyme towards greater processivity and ultimately self-replication. This article describes our efforts to develop antibody chaperones for use in RNA crystallization, and its application to the class I ligase. The work started as a collaboration with David Shechner and David Bartel, who first selected the ribozyme as a postdoctoral researcher in Jack Szostak's laboratory [5] .
THE PROBLEM OF RNA CRYSTALLIZATION
Presently, there are roughly 58 000 structures in the Protein Data Bank, but less than 5 per cent of these are experimentally solved RNA structures. One reason for this is that protein crystallography had a head start, and perhaps fewer laboratories work on RNA crystallography than protein crystallography. However, the dearth of RNA structures also reflects the significant challenges associated with RNA crystallization [10, 11] . Some of the challenges are essentially the same as those associated with RNA folding: compared with proteins, there are significantly fewer functional groups on RNA to mediate tertiary contacts for folding and lattice contacts for crystal formation, and the repulsive forces from the negative charges on the phosphodiester groups would render such contacts less favourable [10] . Of course, Nature has solved the problem of RNA folding through evolutionary selection, but Nature does not select RNAs for their ability to crystallize. In addition to these problems, RNA molecules are prone to misfolding and adopting alternative conformations [11] [12] [13] [14] [15] . Moreover, once crystals are obtained, phasing for RNA crystals remains time-consuming and challenging compared with selenium-assisted phasing of protein crystals [11, 16, 17] . These problems have led RNA researchers to develop creative approaches to circumvent or ameliorate some of the problems. These include removing peripheral and unstructured domains that are not critical for function, engineering the RNA target for greater stability, including more stable secondary structure and folding at lower divalent metal ion concentrations, and incorporating potential lattice contacts such as tetraloop-tetraloop receptor interactions [4, 11, 14, 18, 19] . Another approach involves engineering protein-binding sites into the RNA to enable the formation of a protein-RNA complex. The protein could then help to facilitate crystallization by sequestering counterproductive surface area and by forming lattice contacts. Compared with RNA, proteins have a much greater variety of functional groups for facilitating specific macromolecular contacts [10] . To date, the U1A-binding protein, which binds to a short 10-nucleotide stem-loop structure, has been the approach most frequently used for RNA crystallography [20, 21] . All of these approaches to RNA crystallization have met with some success; as yet, there exists no panacea.
(a) Antibody fragments as crystallization chaperones Several years ago, we embarked on an alternative approach to the problem-the use of antibody fragments as chaperones for RNA crystallization. This strategy appeared attractive for a number of reasons: (i) antibody fragments were already proven as chaperones for the crystallization of recalcitrant membrane proteins [22 -26] ; (ii) antibodies could bind to an RNA tertiary structure and could potentially eliminate conformational heterogeneity associated with the RNA target (and possibly provide structural information about multiple conformations of the target RNA from structures of the target RNA bound to different antibodies); and (iii) the large size and well-defined architecture of antibodies could help solve the phasing of the crystals using molecular replacement (the U1A protein is three to four times smaller than an antigenbinding fragment (Fab) and possesses less phasing power than a Fab) [22, 26] .
Beyond the perceived potential applications to RNA structural biology, we envisioned other important applications for antibodies that recognize RNA antigens. The biotechnological and biomedical research communities have built a tremendous research infrastructure around antibodies [27, 28] . There are nearly two dozen antibodies currently on the market as drugs, with several hundred more in various stages of clinical trials. Additionally, antibodies provide important diagnostic agents for disease antigens. Finally, as reagents for cell biology, antibodies Figure 1 . The class I ligase ribozyme catalyses the same reaction chemistry as protein polymerases. The 3 0 -hydroxyl group of the oligonucleotide primer attacks the alpha phosphorous atom of the triphosphate at the 5 0 end of the ribozyme, displacing pyrophosphate and forming a new phosphodiester linkage between the oligonucleotide primer and the ribozyme. Shown is a primary and classical secondary structure representation with helical and secondary structure elements coloured. Adapted from Koldobskaya et al. [7] .
have been invaluable, serving as research tools to define the components of macromolecular complexes, to investigate macromolecular function, and to establish the cellular locations of proteins. These applications involve predominantly antibodies that bind to protein antigens.
In contrast, we know very little about antibodies that bind to RNA, other than the few isolated from the sera of autoimmune patients [29] [30] [31] [32] . For example, antibodies that bind to the U1 small nuclear RNA (and many mammalian small RNA -protein complexes) have been isolated from patients with autoimmune diseases [33] . The reason for the dearth of information is that RNA, when injected into animals, does not trigger the production of antibodies. As a consequence, the traditional hybridoma approaches used for antibody production are unlikely to yield anti-RNA antibodies upon injection of the target antigen into a host animal. This limitation has precluded RNA researchers from exploiting the full potential of immunomethods to the same degree that protein researchers have.
(b) Recombinant antibodies from phage display libraries It was our vision of tapping into this potential for bringing direct immunomethods to the study of RNA that led us to join forces with our colleagues Shohei Koide and Tony Kossiakoff at the University of Chicago. Kossiakoff brought from Genentech the ability to obtain recombinant antibodies (Fabs) using phage display. Kossiakoff and Koide were heavily engaged in phage display technology to produce antibody and fibronectin domains against protein targets. Jingdong Ye, a post doctoral researcher in my laboratory, spent considerable time in their laboratories getting trained in the 'art' of phage display. Although mature and well-established, the phage display technique requires significant expertise to execute. Antibody libraries displayed on filamentous phage yield upto 10 billion different variants. Moreover, because phage display is an in vitro technique, we circumvent the need to inject the RNA target into an animal, thereby minimizing exposure of the target RNA to nucleases.
(i) Platform for phage display Our display platform uses filamentous phage M13, with the Fab fragment (constant heavy and light chains (C H and C L respectively), and variable heavy and light chains (V H and V L respectively)) fused to pIII, a coat protein present at the pointed end of the phage particle [34, 35] . The display fusion point links the C-terminus of the C H domain to the N-terminus of pIII. For RNA targets, we usually engineer a short stretch of 20 or so nucleotides at one of the RNA termini to allow hybridization of a complementary DNA oligonucleotide fused to a biotin tag, allowing immobilization of the RNA target on streptavidin beads [36] . In a typical round of selection, we incubate the phage variants with the RNA target, immobilize the bound phage using streptavidin, wash away unbound phage and elute RNAbound phage specifically using RNase A [36] . Because we are interested in Fabs that bind with specificity to the RNA structure, subsequent rounds of selection usually include tRNA or another nucleic acid as a competitor to counter the selection of phage carrying Arg-or Lys-enriched Fabs that bind to the RNA by virtue of favourable electrostatic interactions. Following elution with RNase A, individual clones are screened in a competitive phage enzyme-linked immunosorbent assay (ELISA) to identify potential hits. Hits are sequenced and then expressed as soluble proteins from an Escherichia coli periplasmic expression system. We then conduct hydroxyl radical protection assays in the presence and absence of Fab to identify the epitope and determine whether the Fab alters the global fold of the RNA. In purifying the Fab, we take great care to remove any contaminating RNase, a step that can occasionally prove very challenging.
(ii) Reduced codon libraries Variation of conformation and amino acid sequence in the complementarity determining regions (CDRs) of the V H and V L domains endows the antibody framework with great functional versatility. However, the theoretical number of CDR variants greatly exceeds the 10 10 diversity provided in a typical phage display selection. In recent years, efforts have been made to build libraries consisting entirely of human-made diversity, whereby the gap between the theoretical and the practical diversity is reduced [37] . In this view, there is an underlying assumption that the vast majority of potential sequences will not be functional for binding target, and that to enable efficient and robust generation of Fabs against specific targets, the libraries must be biased in some way. Typical variables to be considered in library design include the following: (i) choice of CDR positions to introduce diversity, (ii) inclusion of length variability in specific CDRs, and (iii) choice of amino acids to include in the library. Sachdev Sidhu and his co-workers [34,37 -39] at Genentech have constructed synthetic libraries that included diversity in select CDRs and only at solvent accessible positions. To restrict their diversity design to a small subset of amino acids, they turned to the analysis of the Kabat database of antibody -antigen interactions showing amino acid bias in the total CDR composition and in the CDR positions that contact antigen [40] . This analysis showed significant bias towards serine and tyrosine in total CDR composition, and tyrosine and tryptophan in the contact positions. This led Sidhu and coworkers to construct libraries with as little diversity as tyrosine (Y) and serine (S) [38] . Strikingly, using these binary YS libraries they could obtain Fabs that bind to target antigens with high affinity and specificity. Insights from structural analysis of these YS Fab -antigen complexes have shown that tyrosine mediates many of the Fab-antigen interactions, with serine serving as a small, flexible hydrophilic residue that enables the CDRs to arrange the tyrosines in a conformation suitable for binding antigen [41] . These and other studies with these so-called minimalist synthetic-binding proteins have underscored the importance of tyrosine for molecular recognition of protein antigens.
These and other studies in molecular recognition have led to the development of powerful design principles for obtaining antibodies and other syntheticbinding proteins against protein antigens. However, owing to the extremely limited information about RNA interactions with antibodies, the design principles for constructing anti-RNA Fab libraries are completely unknown. A simple guess might be that libraries biased in positively charged amino acids (arginine and lysine) would lead to effective Fab binders against negatively charged RNA; an alternative strategy would be to design the library on the basis of amino acid content found within protein-RNA interfaces. RNA-binding proteins generally are topologically distinct from the antibody framework, so it remains unclear how successful this strategy would be in developing a robust platform for obtaining antibodies. For the two RNA antibody structures we have obtained, analysis of the interfaces shows that the amino acid composition falls within range of that seen in RNA-binding proteins [7, 36] . Optimizing an antibody library has a significant iterative component, whereby the sequences from a given library that yield functional binding clones are used to determine sequence composition of the nextgeneration library. With this in mind, we simply began our RNA selections using the first library we had access to, with little regard for whether the design would be considered suitable for RNA. In our first selections, we used the so-called YSG library (G represents glycine) from Genentech, which was known to be effective against protein antigens.
The YSG library uses a binary code (50% Y and 50% S) in CDR L3, H1 and H2. CDR H3, often the most critical for antigen recognition, contained greater diversity but was still biased towards Y, S and G (20, 15 and 15%, respectively) with 3 per cent of the remaining amino acids except cysteine [34, 35] . CDRs L3 and H3 also contained length variability. We chose the independently folding P4 -P6 RNA domain as our initial RNA target. This approximately 160 nucleotide RNA is a sequence element found within the Tetrahymena group I intron. This domain maintains its tertiary architecture even when isolated from the remainder of the intron [42] [43] [44] . We chose this RNA because it is very well characterized structurally and biochemically. Briefly, we picked seven clones after three rounds of selection. These clones showed enrichment for positively charged amino acids in CDR H3. Some of these clones bound the RNA with affinity in the 30 -50 nM range and exhibited excellent specificity for the RNA tertiary structure [36] . We set up crystallization trials and obtained the structure of the Fab -RNA complex at 1.95 Å resolution using the molecular replacement to search for both molecules. However, using only the Fab coordinates, we could begin to build the RNA model into the remaining electron density, illustrating the phasing power of the Fab. Importantly, the Fab had minimal effect on the overall RNA tertiary structure [36] .
With this success, we set out to obtain antibodies to other RNA targets using the YSG library. To our surprise and dismay, future selections using the YSG library yielded no positive clones against any of the targets we chose, including the group II intron, domains from RNase P RNA and several riboswitches. Having observed that the positive clones from the P4-P6 selections showed enrichment of positively charged amino acids in CDR H3, we deployed a different Genentech library, termed the YSGR 'superlibrary' [7] . This library contained a mixture of four sub-libraries constructed using the same design principles as the YSG library described above but differing in degree of arginine (R) bias in CDR H3. We used this library in subsequent selections against the class I ligase.
ANTIBODIES THAT BIND THE CLASS I LIGASE
We targeted our selections against the product of the ligase reaction [7] . After three rounds of selection, we obtained an enrichment ratio of 160, which usually indicates that the selected phage mix contained binders to the RNA target. Following competitive phage ELISA, we sequenced 23 positive clones and obtained three unique sequences. We expressed these as soluble, RNase-free proteins, referred to here as Fab BL1, BL2 and BL3, and used nitrocellose filter binding to determine the affinity of each Fab for the ligase product. In contrast to the 30-50 nM range Kd values that we observed for Fabs targeted against P4-P6, the BL Fabs bound with significantly weaker affinity (BL1, Kd 500 nM; BL2, Kd 1000 nM; BL3, Kd 350 nM). We also tested whether Fab binding affected ligase activity. Fabs BL2 and BL3 had no effect on ligase activity at saturating concentrations, but Fab BL1 inhibited ligase activity in a concentration-dependent manner [7] . The Fab concentration dependence of the inhibition matched the Kd observed by filter binding.
Generally, Fabs that have facilitated structure determination of proteins have bound their targets with Kd values less than 200 nM. Therefore, we attempted to improve affinity before moving on to crystallization trials [7] . We generated another library from the BL3-6 sequence using error-prone PCR to introduce variation throughout the light and heavy chain variable regions, including scaffold regions between the CDRs. For the first round of affinity maturation, we used 500 nM ligase product; in subsequent rounds, we carried out selections in parallel with RNA target concentrations varying from 0.025 to 2.5 nM. If we observed an enrichment ratio greater than 10-fold, we amplified the phage for the next round of selection. This procedure returned clones with no mutations in the heavy chain CDRs, but did yield clones with mutations in CDR L3 and non-CDR (scaffold) regions. These new clones, all derived from Fab BL3, bound with affinities ranging from 35 to 270 nM. The CDR L3 mutation of serine 95 to phenylalanine enhanced the binding most significantly (10-fold) [7] . We viewed the affinity of this Fab (designated hereafter as BL3-6) as sufficient to proceed with crystallization trials.
To determine the location of Fab BL3-6 binding, we used hydroxyl radical footprinting of the RNA product [7] . In the presence of saturating concentrations of Fab, the RNA retained the same protections observed in the absence of Fab, suggesting that the global RNA structure remains unaffected in the presence of Fab. We also observed new areas of protection, one mapping to the P5 loop (5 0 -AAACA-3 0 ) and the other mapping to the P7 loop (5 0 -AAAAUU-3 0 ). Regarding these protections, we were struck by the comparison to the footprint for the P4 -P6-binding Fabs. P4 -P6-binding Fabs protected multiple regions in P4 -P6 that mapped to duplex regions that come together in the tertiary structure, and the Fab-P4-P6 structure revealed that the protections reflect Fab interactions in the minor groove of helices P5a and P5c. In contrast, Fab BL3-6 protected the ligase predominantly in single-stranded loop regions, L5 and L7. This difference led us to the idea that perhaps the Fab could bind to one or both of the isolated P5 or P7 hairpins.
We constructed 25-nucleotide hairpins that mimicked the P5 and P7 hairpins and tested them for binding to the suite of BL3-derived Fabs obtained from the affinity maturation protocol [7] . These Fabs had no detectable affinity for the P7 hairpin but bound to P5 with essentially the same affinity as observed for the full-length ligase. This observation allowed us to use the simpler P5 hairpin to address what features of the RNA contributed to the observed binding affinity. Binding assays using Fab BL3-6 revealed that the 5 0 -AAACA-3 0 loop was critical for binding, particularly, the cytidine residue, and with the exception of the closing G-C pair, the identity of the base pairs in the stem were not critical. For the closing base pair, Fab-BL3-6 showed preference for G-C . A-U . C-G [7] .
To determine whether the GAAACAC sequence (pentaloop plus closing base pair) could retain binding to Fab BL3-6 in the context of other structured RNA molecules, we replaced stem-loop regions in P4 -P6 and the Varkud satellite (VS) ribozyme with the epitope [7] . For P4 -P6, we replaced the L6 loop (5 0 -AUCUU-3 0 ) with 5 0 -AAACA-3 0 (the P6 closing base pair is already G-C) figure 2. For the VS ribozyme, we replaced loop IV and loop VI and closing base pairs with GAAACA. In all three cases, BL3-6 bound with Kd values below 200 nM. These findings raised the possibility of a new portable chaperone system for RNA crystallization that could be used in parallel with the U1A system mentioned above [7] . This has the potential for general use of the Fab chaperone by the broader RNA community as it circumvents the need for direct selection against every RNA target. Of course, because this approach relies on Fab binding to a targeted epitope, the potential advantage of using the Fab to reduce conformational heterogeneity in the RNA target is probably lost. Nevertheless, the approach offers similar advantages as the U1A system, with potential added advantages of the larger size and phasing power provided by the Fab. Our hope is that the Fab BL3-6 system will complement the U1A system. It would be ideal to have a Fab that binds the U1A RNA sequence as such a Fab would eliminate the need to make separate RNA constructs for parallel crystallization trials. As yet, we do not have such a Fab.
CRYSTAL STRUCTURE OF THE FAB -LIGASE PRODUCT COMPLEX AT 3.1 Å RESOLUTION
Crystals of the complex were grown using the hanging drop vapour diffusion method. Molecular replacement using Fab coordinates provided sufficient phasing power to resolve the RNA backbone. The asymmetric unit contained two complete Fab -ligase complexes (figure 3a), with the two RNA molecules having an r.m.s.d. of 0.026 Å [7] . At the head of the tripod, the three coaxial leg domains are joined by the following elements: the P3 pseudoknot helix, the P4/P5/P6/P7 four helix junction, and two single-stranded regions-J3/4, which connects the P3 pseudoknot to P4, and J1/3, which traverses the entire length of the ribozyme and docks into the minor grooves of P1 and P5 (figure 5) [7, 45] .
(b) The Fab-RNA interface The structural features of the Fab-RNA interface show excellent agreement with the biochemical analysis described above [7] . The Fab makes close contact to the P5 and P7 loop regions of the ligase, consistent with the protections observed in the hydroxyl radical footprinting experiments. CDRs L3, H1, H2 and H3 form a deep pocket that mediates recognition of the P5 RNA loop. In contrast, the P7 interaction, mediated by CDR L2 and scaffold residues, appears topologically less rugged. Consistent with our observation that P5 interactions drive binding, the P5 interaction buries significantly more surface area than does the P7 interaction. Our observations from the RNA mutational analysis also conform to structural features. Within CDR H3, three arginine side chains make close contact to the P5 loop. Arg 106 resides within hydrogen-bonding distance of the N7 atom of G59 in the closing base pair, possibly accounting, at least in part, for the Fab's preference for a G-C versus C-G closing base pair. Additionally, G59 stacks onto P5 loop residue A61, which stacks onto a tyrosine residue from CDR-H1. The slightly weaker binding observed for the A-U closing pair, which can still form an Arg -N7 interaction, may reflect increased fraying at the stem-loop junction. The importance of the C-residue in the loop likely comes from interactions with two serine residues in CDR-H2 whose hydroxyl groups are poised to make hydrogen bonds to the Watson -Crick face of the nucleobase. Finally, the Phe95 residue that emerged through affinity maturation to replace Ser95 stacks in-between Tyr62 from CDR-H2 and A62 from the P5 loop, consistent with the ability of the Ser95Phe mutation to enhance binding. turn between U76 and G77 enables U76 to form a base-pairing interaction with G45. Further downstream, a Watson-Crick base pair in P4 between C113 and G46, together with a backbone turn between G46 and C47, probably contributes to C47 positioning. Further supporting the orientation of C47, the third backbone turn located between C30 and A31 allows C30 to stack with C47.
Mutation of C47 decreases ligase activity by a factor of 10
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, strongly suggesting that it plays an important role in catalysis [45, 46] . However, further analysis will be required to elucidate the mechanistic role of C47 in catalysis. When considered in the context of how protein enzymes catalyse RNA polymerization, the ligase structure has several interesting implications, as outlined by Shechner et al. [45] . The protein polymerases employ a general acid and two metal ions for catalysis [47, 48] . The first metal ion in the protein enzymes interacts with two conserved aspartates and is proposed to activate the nucleophilic 3 0 -hydroxyl group; the second metal ion interacts with one of the aspartates and forms a chelate interaction with the beta and gamma phosphates of the incoming triphosphate. This chelation putatively serves to stabilize the developing negative charge as does protonation of the oxygen atom that bridges the alpha and beta phosphorous atoms. With respect to the ligase catalytic core, the active site constraints position the A29 and C30 phosphates near one another as well as near the ligation junction [45] . Possibly a metal ion binds in this location to activate the nucleophilic hydroxyl group. Consistent with this possibility, nucleotide analogue interference mapping experiments show a strong phosphorthioate effect for the C30 phosphate [45] . A second metal ion could be brought to the active site via chelation to the triphosphate moiety of the 5 0 -GTP in the precursor. C47 could supplant the role of the general acid found in protein polymerases, either forming a hydrogen bond with the leaving group or facilitating proton transfer via localized water molecules (figure 7).
CONCLUSIONS
(a) A portable chaperone system for RNA crystallization We have demonstrated the capacity of the Fab scaffold to generate proteins that bind RNA with high affinity and specificity. Reagents derived from this methodology can be used for chaperone assisted crystallography, synthetic biology whereby by the new RNA-binding protein may be used as a regulatory domain, and the application of immunomethods directly to RNA, including, for example, immunoprecipitation, immunohistochemistry, Western blotting and cellular localization studies. Additionally, our discovery of a Fab that binds a seven nucleotide sequence located within a hairpin loop engenders a portable RNA recognition element that can be transplanted into other RNAs to exploit antibody recognition with a wide range of RNAs. Additionally, with respect to crystallography applications, the large size and phasing power of the Fab may impart advantages over the commonly used U1A system.
(b) Exploring the transition from the RNA to the ribonucleoprotein world We have little insight about the evolutionary steps by which protein enzymes came to supplant the majority of RNA enzymes present in the RNA world. One possibility for this takeover could entail gradual evolution of protein -RNA complexes to ultimately shed their RNA. Evolutionary intermediates in this process might include ribozyme -protein complexes in which the protein engages in substrate binding or provides elements of the ribozyme's catalytic apparatus. For example, both protein and RNA could contribute ligands that coordinate a catalytic metal ion. Our methodology may provide an avenue for developing proof-of-concept systems to explore the evolutionary transition from RNA catalysis to protein catalysis via ribonucleoprotein complexes. For example, the U2 and U6 small nuclear RNAs can catalyse splicing chemistry inefficiently when isolated from the spliceosome [49, 50] . Possibly the phage display platform could be used to identify Fabs that enhance RNA activity. Although this approach would certainly not yield protein descendents from spliceosome evolution, it might reveal possible fundamental mechanisms by which proteins could synergize with and ultimately supplant the RNA component.
(c) RNA-catalysed RNA polymerization The structure of the catalytic core of the class I ligase ribozyme provides a powerful starting point for investigating the mechanism of RNA polymerization catalysed by a ribozyme and the postulated similarity to protein polymerases. We note that the current structure represents only one product of the ligation reaction and lacks the pyrophosphate leaving group. Moreover, the ligation event extends the P1 helix by an additional base pair, which could provide a thermodynamic driving force for formation of a catalytically inactive conformation. Deeper understanding of the mechanism will certainly require structural analysis of the pre-ligation state. In recent years, at least for the small endonucleolytic ribozymes, nucleobase catalysis has become the norm rather than the exception [51, 52] . For the sophisticated metabolism postulated to have existed in the RNA world, ribozymes would probably have had to rely on nucleobases for catalysis of reactions other than endonucleolytic cleavage. The ligase structure suggests that such catalysis is possible. Finally, obtaining polymerase ribozymes able to replicate RNA remains an important goal for origin of life research. The structural data revealing interactions with the template -primer duplex may guide future efforts towards engineering the class I ligase into self-replicating polymerase ribozyme.
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